Abstract. The calcium/calmodulin-dependent protein kinase kinase 2, adenosine monophosphate-activated protein kinase (CAMKK2-AMPK) pathway mediated amyloid β42 (Aβ42)-induced synaptotoxicity and blockage of CAMKK2-protected neurons against the effect of Aβ42. Numerous microRNAs (miRNAs) were downregulated in response to Aβ42, including miR-9, a synapse-enriched miRNA that is decreased in Alzheimer's disease. In the present study the effect of miR-9 on Aβ42-triggered CAMKK2-AMPK activation and the synaptotoxic impairment was investigated. Aβ42 oligomers were identified to be capable of inducing CAMKK2-AMPK pathway activation, which was attenuated by miR-9 overexpression. CAMKK2 was predicted to be a target of miR-9 using Pictar and Targetscan 6.2 Bioinformatics' algorithms. A luciferase activity assay and western blot analysis confirmed that miR-9 significantly inhibited CAMKK2 expression. Additionally, overexpression of miR-9 was sufficient to restore Aβ42-induced dendritic spine loss and rescued Aβ42-induced τ phosphorylation at Ser-262 mediated by the CAMKK2-AMPK pathway. The results of the present study demonstrated that miR-9 attenuated Aβ-induced synaptotoxicity by targeting CAMKK2.
Introduction
Alzheimer's disease (AD) is the most prevalent neurodegenerative disease affecting >25 million people worldwide. It is characterized by progressive loss of cognitive function resulting in dementia and mortality (1) . The pathological hallmarks of AD are extracellular senile plaques (SPs) composed of amyloid β (Aβ) and intracellular neurofibrillary tangles consisting of hyperphosphorylated microtubule-associated protein τ (2) . Aβ aggregation and accumulation, derived from sequential cleavage of amyloid precursor protein (APP) mediated by β-and γ-secretases, is the triggering event in the process of AD (2) (3) (4) . The Aβ oligomer is the main form which mediates the deleterious effect of Aβ as it fibrillates to form SPs. Emerging evidence has indicated the possible interaction between Aβ and τ, and their synergistic effects during AD progression (5) . However, the underlying molecular mechanisms linking Aβ and τ remain poorly understood.
Synaptic dysfunction has also been detected in the brains of patients with AD prior to the appearance of amyloid plaques (6) . Aβ42 oligomers have been reported to induce the acute rapid synaptotoxic effect and τ phosphorylation at Ser-262 by activating the calcium/calmodulin-dependent protein kinase kinase 2, adenosine monophosphate-activated protein kinase (CAMKK2-AMPK) pathway (1) . AMPK acts as a metabolic sensor and is an essential regulator of the cellular metabolism. AMPK is activated by an increased intracellular AMP/adenosine triphosphate (ATP) ratio as well as other forms of cellular stress. Once activated, AMPK regulates a variety of biological processes, including cell polarity, apoptosis, cell migration and synaptic plasticity (7, 8) . Accumulating studies have indicated that AMPK-signaling regulates τ phosphorylation and amyloidogenesis in the AD pathogenesis (1, (9) (10) (11) . Activated AMPK was observed to markedly enriched in tangle-bearing neurons in patients with AD (12) . These observations indicate that AMPK may be involved in the pathogenesis of AD. microRNAs (miRNAs) are short, non-coding RNAs that inhibit protein expression by binding to specific recognition elements in the 3' untranslated region (3'UTR) of target transcripts leading to mRNA translation suppression or mRNA degradation. Currently, >700 miRNAs have been identified, and are essential in a number of cellular processes, including cell polarity, migration, apoptosis and synaptic plasticity (13) . miRNA expression profiles in patients with AD and AD animal models have been identified. miRNAs have been reported to regulate Aβ generation, the inflammatory response and neurogenesis in AD pathogenesis (14) . miR-9 is a synapse-enriched miRNA and was observed to be markedly decreased in patients with AD (15) . miR-9 is specifically expressed in the brain and promotes neurogenesis by suppressing the basic helix-loop-helix hairy/enhancer of split-1 [E(sp1)] transcription factors Her5 and Her9 expression (16) . Schonrock et al reported that miR-9 was downregulated by Aβ treatment and suppressed the expression of a variety of genes (17, 18) . However, the role of miR-9 during the Aβ-induced synaptotoxic effect is poorly understood. In the present study the effect of miR-9 on Aβ42-triggered CAMKK2-AMPK activation and the synaptotoxic impairment was investigated.
Materials and methods
Aβ42 oligomer preparation. Aβ42 oligomer preparation was performed as previously reported (1) . Briefly, the Aβ42 peptides (China Peptide, Shanghai, China) were dissolved in hexafluoro-2-propanol (HFIP) for 2 h, and then the HFIP was removed by speed vacuum (Neu-Tec Group Inc., Farmingdale, NY, USA). Dimethylsulfoxide was added to produce a 5 mM solution. This solution was added to cold phenol red-free F12 medium (Invitrogen Life Technologies, New York, NY, USA), incubated at 4˚C for 24 h and then centrifuged at 14,000 x g for 10 min to discard fibrils. The supernatant was kept and used as a source of Aβ42 oligomers.
RNA extraction and quantitative PCR (qPCR).
The total RNA was collected from cells with TRIzol (Invitrogen Life Technologies), according to the manufacturer's instructions. In total, 1 µg RNA was reverse-transcribed into cDNA with a reverse transcription kit (Toyobo, Dalian, China). miRNAs were collected using a microRNA Extraction kit (Tiangen, Beijing, China). Poly(A) was added and 1 µg RNA containing miRNAs was reversely transcribed into cDNA. The synthesized cDNAs were amplified using the SYBR qPCR kit (Takara, Dalian, China) on ABI Stepone plus equipment (ABI, Foster City, CA, USA). Expression of CAMKK2 was normalized with GAPDH, and miR-9 and miR-181c levels were normalized with U6 snRNA.
Constructs and luciferase assay. The miR-9 expression construct (catalog no. MmiR-AN0825-AM02) was purchased from GeneCopoeia (Rockville, MD, USA). The possible target positions of the CAMKK2 3'UTR sequences were subcloned into the psiCHECK-2 between XhoI and NotI restriction sites (Promega Corporation, Madison, WI, USA). The position 1898-2358 of CAMKK2 3'UTR was amplified from mouse hippocampus cDNA with the following primers: Sense: 5'-CTCGAGTGCCCGAGTAGGGTAGGCGTG-3' and antisense: 3'-AGCGGCCGCTGAACGAGGCTTGTGCTT-5'. Mutations in the miR-9 binding-sites of CAMKK2 were introduced with a fast whole-plasmid mutation kit (NEB, Ipswich, Canada).
HEK-293 cells were plated onto a 96-well plate. Subsequent to 24 h incubation, the cells were treated with a cotransfection consisting of 35 µl serum-free medium, 0.5 µl Lipofectamine 2000, 0.03 µg psiCHECK-2-CAMKK2 and 0.1 µg miR-9 per well. Renilla luciferase or pEZX-AM02 vector was used as a negative control. After 4 h, 100 µl serum-containing culture medium was added to the wells. The luciferase activity was examined 48 h after transfection using the Dual-Luciferase ® Reporter 1000 Assay system (Promega Corporation).
Primary neuronal culture and transfection. Primary embryonic E18 hippocampal neurons of the mice were cultured according to a procedure described previously (19) . Briefly, the hippocampal neurons were collected and incubated with 5 ml D-Hank's containing 0.25% trypsin for 15 min and centrifuged at 1000 x g for 5 min following addition of 5 ml Dulbecco's modified Eagle's medium with Ham's F12 medium with 10% fetal bovine serum, the cells were triturated and seeded onto a 60-mm plastic culture dish at a density of 100-200 neurons/mm 2 and maintained in a humidified incubator at 37˚C with 5% CO 2 for 4 h. Next, the culture medium was replaced by neurobasal medium with 2% B27 and the cells were cultured for 18 days. Transfection was performed according to the manufacturer's instructions (Invitrogen Life Technologies), and the ratio of the constructs to Lipofectamine 2000 was 1:2.
AMPK activity assay. Cellular AMPK activity was determined using the SAMS peptide phosphorylation assay kit (Upstate Biotechnology, Lake Placid, NY, USA) according to the manufacturer's instructions. Briefly, the cells were maintained in serum-free medium for 12 h prior to drug exposure. Aβ42 oligomers or the scramble control to the final concentration of 1 µM were added to the cell culture, and incubated at 37˚C for 1 h. The culture medium was removed, and the cells were harvested in Tris-HCl supplemented with the protease inhibitors aprotinin, leupeptin, and pepstain A (Roche Diagnostics, Pleasanton CA, USA). The cellular debris were removed following centrifugation at 10,000 x g at 4˚C for 15 min and the supernatants were stored at -70˚C prior to the AMPK activity assays (20) .
Western blot analysis. The cells were harvested and extracted with protein radio-immunoprecipitation assay buffer, supplemented with a cocktail of protease (Roche) and phosphatase (Sigma-Aldrich, SG, Switzerland) inhibitors. Equal quantities of proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel, transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA) and detected using specific primary antibodies overnight at 4˚C, including pT172 (rabbit monoclonal; Cell Signaling Technology, Inc., San Diego, CA, USA), AMPK (rabbit polyclonal; Cell Signaling Technology, Inc.), CAMKK2 (rabbit polyclonal; Abcam, Cambridge, UK), GAPDH (rabbit monoclonal; Cell Signaling), pS262 (rabbit polyclonal; Abcam) and Tau (mouse monoclonal; Millipore, Hayward, CA, USA). The membranes were incubated with secondary antibodies, conjugated to horseradish peroxidase for 1 h at 37˚C and visualized using an enhanced chemiluminescence kit (Pierce, Rockford, IL, USA). The blots were scanned and analyzed by Kodak Digital Science 1D software (Eastman Kodak, Rochester, NY, USA).
Image acquisition and analyses. The images were acquired in 2048x2048 resolution using the A1R laser-scanning confocal microscope (Nikon A1R-si Laser scanning confocal microscope; Nikon, Tokyo, Japan) with the Nikon software NIS-Elements (Nikon, Melville, NY, USA). The dendritic spine density was quantified on branches proximal to the soma.
Statistical analysis. Data were analyzed by using SPSS 16.0 statistical software (SPSS Inc., Chicago, IL, USA), and one-way analysis of variance with Dunnett's post-test was used for multiple comparisons. Student's t-test was used to determine the differences between the two groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Overexpression of miR-9 inhibited Aβ42-induced AMPK activation. The effect of Aβ42 oligomers on the activation of (B) Dual-luciferase assays were performed in the HEK293 cells. The reporter plasmid containing the WT CAMKK2 3'UTR or the mut CAMKK2 3'UTR was cotransfected with miR-9 overexpression construct or the vector. The Renilla luciferase activity was normalized by the firefly luciferase activity. (C) Primary hippocampal neurons isolated from E18 mouse embryos were maintained for 10 DIV and transfected with miR-9 overexpression construct or the vector. CAMKK2 protein level was detected by western blot analysis and (D) the relative intensity was analyzed. (E) CAMKK2 mRNA levels following transfection was measured by quantitative polymerase chain reaction. Statistical analysis was performed by Student's t test. Data were drawn from four separate experiments. * P<0.05 and ** P<0.01 compared with control. CAMKK2, calcium/calmodulin-dependent protein kinase kinase 2; UTR, untranslated region; WT, wild type; miR-9, microRNA-9; DIV, days in vitro.
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the CAMKK2-AMPK2 pathway was confirmed in the present study. Days in vitro (DIV)18 primary hippocampal neurons were treated with 1 µM Aβ42 oligomers or the scrambled control for 12 h. Activated AMPK, pT172-AMPK and total AMPK were detected by western blot analysis. Aβ42 elevated CAMKK2 expression and Aβ42 treatment also significantly increased the ratio of pT172-AMPK/AMPK. A supplement of STO-609, a specific inhibitor of CAMKK2, attenuated the levels of pT172-AMPK (Fig. 1A and B) . Previous studies reported that Aβ42 could decrease the expression of several miRNAs including miR-9. In the present study the expression of miR-9 in primary hippocampal neurons treated with Aβ42 oligomers for 12 h was measured. Aβ42 markedly inhibited miR-9 expression (Fig. 1C) . In order to evaluate the function of miR-9 on the CAMKK2-AMPK pathway activated by Aβ42 oligomers, miR-9 at DIV 10 was overexpressed and neurons were treated with Aβ42 oligomers at DIV18. miR-9 overexpression was found to substantially eradicate the elevation of CAMKK2 expression and the activation of AMPK as shown by decreased CAMKK2 and pT172-AMPK levels ( Fig. 1D and E) . AMPK activity was also examined by the SAMS Peptide Phosphorylation Assay kit (Fig 1D) . These data indicated that overexpression of miR-9 inhibited CAMKK2-AMPK activation by Aβ42 oligomers.
miR-9 suppressed CAMKK2 translation.
To analyze the potential targets of miR-9, Pictar (http://pictar.mdc-berlin.de/) and Targetscan 6.2 (http://www.targetscan.org/) Bioinformatics' algorithms were used to screen the potential gene. CAMKK2 was identified to be a potential target of miR-9 predicted by the two algorithms. The predicted sequences are shown in Fig. 2A . To test this hypothesis, a wild-type and a mutant of CAMKK2 3'UTR were generated and these sequences were inserted into the luciferase reporter vector. When coexpressed with miR-9, a wild-type reporter revealed significant inhibition (Fig. 2B) , while without effect on its mutant (Mut). The mRNA and protein levels of CAMKK2 were also detected. miR-9 significantly decreased the protein level of CAMKK2 ( Fig. 2C and D) , while it did not affect the mRNA level of CAMKK2 (Fig. 2E) . These results demonstrated that miR-9 directly targeted CAMKK2.
miR-9 rescued Aβ42-induced synaptotoxicity by targeting CAMKK2.
Previous studies demonstrated that 1 µM Aβ42 oligomers induced a significant reduction in dendritic spine density, while it did not affect neuronal viability (1) . In addition, the present study tested whether miR-9 overexpression was sufficient to eradicate the synaptotoxic effects of Aβ42 oligomers. As shown in Fig. 3A and quantified in Fig. 3B and C, the results demonstrate that the overexpression of miR-9 restored the reduction in spine density following Aβ42 oligomer application. A statistical analysis was performed by using one-way analysis of variance followed by Dunnett's post-test. Data were drawn from three independent experiments. * P<0.05, compared with control and # P<0.05, compared with the Aβ42 group. CAMKK2, calcium/calmodulin-dependent protein kinase kinase 2; miR-9, microRNA-9; DIV, days in vitro.
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toxic effects, recent results indicated their potential interactions or synergistic effects during AD progression (21, 22) . For instance, τ was observed to mediate Aβ signals to drive ectopic neuronal cell cycle re-entry in AD (23) . Recent results had revealed that AMPK is a potent τ kinase (24) . S262 of τ was a significant target of AMPK, and Aβ42 oligomers increased pS262-τ phosphorylation by activating AMPK (25) . In the present study, overexpression of miR-9 was identified to attenuate Aβ42-induced τ phosphorylation by targeting CAMKK2 (Fig. 4A and B) .
Discussion
Loss of synapses begins during the early stages of AD, prior to plaque formation, and progressively affect neuronal activity, leading to cognitive impairment. Aβ oligomers had been hypothesized to contribute to synapse loss, and τ acted as an essential mediator of Aβ synaptotoxicity. In vitro and in vivo studies demonstrated that Aβ42 oligomers activated the CAMKK2-AMPK pathway, which phosphorylated τ on S262 in the microtubule-binding domain inducing dendritic spine loss in hippocampal neurons (1, 24, 26) . Inhibition of CAMKK2, or overexpression of the unphosphorylated mutant of τ (S262A) eradicated Aβ42 oligomer-induced synaptotoxicity (1, 27) .
AMPK is a sensor of cellular stress, which maintains energy homeostasis by regulating several metabolic enzyme activities. AMPK is a heterotrimeric Ser/Thr kinase, with a catalytic α subunit and two regulatory subunits, β and γ. Regulation of AMPK activity involved activation by AMP and phosphorylation of the AMPKα subunit at Thr-172 within the activation loop by its upstream kinases. The major upstream kinases included liver kinase B1, in response to increased AMP/ATP ratio, and CAMKK2, in response to elevated intracellular Ca 2+ levels (28) . By contrast, Thr-172 was dephosphorylated by protein phosphatase-2C to deactivate AMPK. AMPK was widely expressed in mammalian tissues and cell types, including the hippocampus. Epidemiological studies and functional neuroimaging have demonstrated perturbed brain energy metabolism in patients with AD. Perturbation of brain energy metabolism is involved in the neurodegeneration occurring in early stages of AD, and may correlate with early cognitive dysfunction, including increased problems in maintaining Ca 2+ homeostasis, decline in glucose uptake, synaptotoxicity and mitochondrial dysfunction (29) . AMPK also regulated Aβ generation through regulating APP processing (30) . miRNAs are significant in a variety of neurological processes, including synaptic plasticity and stress responses. Previous studies of miRNAs in AD demonstrated that numerous miRNAs, including miR-9, miR-124a, miR-125b and miR-132, abundantly expressed in fetal hippocampus were differentially regulated in the aged brain (31) . miRNAs were also shown to participate in the pathogenesis of AD. For instance, miR-29a/b-1, miR-195, miR-298 and miR-328 suppressed Aβ generation by inhibiting a β-amyloid precursor protein-converting enzyme (13, 32, 33) . miR-16, miR-17-5p, miR-20a, miR-106a and miR-106b were reported to regulate APP expression, indicating that variations in miRNA expression may contribute to the alteration in APP expression and Aβ production in the brain during development and disease (34, 35) .
Conversely, Aβ also induced abnormal expression of miRNAs, including miR-9, miR-21 and miR-181c (18) . However, the role of miRNAs in Aβ induced synaptotoxic effect remains poorly understood.
miR-9, a brain-specific and synapse enriched miRNA, was significantly decreased in patients with AD (36) . miR-9 was initially identified as a crucial regulator of the development and physiology of the nervous system in numerous organisms, including Drosophila and mammals (16) . miR-9 regulated the proliferation, differentiation and migration of neural stem cells by controlling hairy/E (spl1) (37) . miR-9 was able to improve neurite outgrowth by targeting Forkhead box protein P2 (37) . Although miR-9 was decreased in response to Aβ42, the potential role of miR-9 in Aβ42 induced synaptotoxicity remains unknown. In the present study overexpression of miR-9 was found to be capable of attenuating Aβ42-induced CAMKK2-AMPK pathway activation, rescuing Aβ42-induced dendritic spine density loss and eradicating Aβ42-induced τ phosphorylation on S262 partially by targeting CAMKK2.
In conclusion, miR-9 was shown to antagonize the Aβ42-induced synaptotoxic effect by targeting CAMKK2, which may provide a novel strategy for AD therapy.
